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The size of the active phase is one of the most important factors in determining the catalytic
behaviour of a heterogeneous catalyst. This Feature Article focuses on the size effects in two types
of reactions, i.e., the metal nanoparticle-catalysed dehydrogenation of alcohols and the metal
oxide nanocluster-catalysed selective oxidation of hydrocarbons (including the selective oxidation
of methane and ethane and the epoxidation of propylene). For Pd or Au nanoparticle-catalysed
oxidative or non-oxidative dehydrogenation of alcohols, the size of metal nanoparticles mainly
controls the catalytic activity by affecting the activation of reactants (either alcohol or O2).
The size of oxidic molybdenum species loaded on SBA-15 determines not only the activity but
also the selectivity of oxygenates in the selective oxidation of ethane; highly dispersed
molybdenum species are suitable for acetaldehyde formation, while molybdenum oxide
nanoparticles exhibit higher formaldehyde selectivity. CuII and FeIII isolated on mesoporous silica
are highly efficient for the selective oxidation of methane to formaldehyde, while the
corresponding oxide clusters mainly catalyse the complete oxidation of methane. The lattice
oxygen in iron or copper oxide clusters is responsible for the complete oxidation, while the
isolated CuI or FeII generated during the reaction can activate molecular oxygen forming active
oxygen species for the selective oxidation of methane. Highly dispersed CuI and FeII species also
function for the epoxidation of propylene by O2 and N2O, respectively. Alkali metal ions work as
promoters for the epoxidation of propylene by enhancing the dispersion of copper or iron species
and weakening the acidity.
1. Introduction
The function of a heterogeneous catalyst is determined by the
complicated interplay of many factors. The size of the active
phase is a crucial factor in controlling the catalytic performance
in many systems.1–8 It is expected that, the size of the active
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phase may affect the coordination structure and the electronic
structure of the active site, and thus may influence the activation
of reactant molecules and the active species, leading to differences
in activity and/or selectivity. The catalytic performance may
also be altered by the tuned redox and acid–base properties
owing to the change in the size of active phases. The deep
understanding of the size effect in various kinds of reactions
would be helpful for the rational design of highly efficient
catalysts.
The active site or active centre for homogeneous and metallo-
enzymatic catalysis is usually quite clear and is composed of one
single metal atom or a cluster of several metal atoms. For
examples, a homogeneous Ti catalyst for olefin polymerization,
which contains just one Ti centre coordinated by organic
ligands, is usually viewed as a single-site catalyst.9 The active
centres for the selective oxidation of methane to methanol
by oxygen in the soluble and particulate methane mono-
oxygenases (sMMO and pMMO) are the binuclear iron and
the binuclear or trinuclear copper centres, respectively.10–12
For heterogeneous catalysis, the concept of the active site
was originally proposed by Taylor, who believed that only
some peculiar kinds of atoms on a catalyst surface functioned
in chemisorptions and catalytic reactions.13 There exist some
heterogeneous catalysts possessing structurally well-defined
active sites. For examples, titanosilicate-1 (TS-1), which can
catalyse various kinds of selective oxidation reactions by using
hydrogen peroxide as an oxidant, functions with TiIV isolated
in the framework of MFI zeolite as the active site (Fig. 1A).14
TS-1 is known as a ‘‘single-site’’ heterogeneous catalyst.14,15
Other catalysts, which contain catalytically active centres
spatially isolated from each other, can also be viewed as
‘‘single-site’’ heterogeneous catalysts. Thomas et al.15,16
divided these ‘‘single-site’’ heterogeneous catalysts into the
following four principal categories: (i) isolated ions, atoms,
molecular complexes, and bimetallic clusters anchored to
oxide supports with high surface areas; (ii) immobilized
asymmetric organometallic species at mesoporous solids;
(iii) ‘‘ship-in-bottle’’ structures, in which isolated catalytic
molecular entities are entrapped within zeolite cages;
(iv) molecular sieves containing isolated active sites, which
are uniformly distributed spatially throughout the bulk.
However, in many cases, the structure of active sites may
not be fully understood because of the complexity of solid
catalysts. Usually, instead of ‘‘active site’’, the concept of
‘‘active phase’’ is used. There are many examples showing
that nano-sized particles (nanoparticles) or clusters (including
nano- and subnano-clusters, which typically contain several to
several hundreds of atoms) are the catalytically active phase
for a variety of reactions. For examples, for CO oxidation over
TiO2-supported Au catalyst, the active phase is the Au nano-
particle with sizes less than 3–5 nm;17 the cobalt nanoparticles
of Z 6 nm in size supported on carbon nanofibers (CNFs)
(Fig. 1B) are the active phase for Fischer–Tropsch synthesis
for the production of C5
+ hydrocarbons from synthesis gas.18
Significant size effects have been observed in many hetero-
geneous catalytic systems. Such effects are prominent for Au
catalysis, and have caused the ‘‘gold rush’’ in the past decade.19
It now becomes clear that the size of Au nanoparticles is a
predominant factor controlling their catalysis. Actually, the
size effect has been studied intensively for transition metal
nanoparticle-catalysed reactions, particularly hydrogenation
reactions. A very important concept, i.e., the structure sensitivity,
was proposed by Boudart several decades ago.20 According to
this concept, if the rate per surface metal atom, i.e., the
turnover frequency (TOF), does not change with the size of
metal particles, the reaction is defined as a structure-insensitive
reaction (Fig. 2, curve III); otherwise, the reaction is a
structure-sensitive reaction. There are two types of structure-
sensitive reactions.7 The TOF of Type-I reaction increases
with the size of metal particles (Fig. 2, curve I), while that of
Type-II reaction decreases with increasing the size of metal
particles (Fig. 2, curve II). As summarized in a recent review,7
the rate-determining step of Type-I reactions typically involves
the cleavage or formation of a p-bond (e.g., N2, CO and C2H4
activation). The rate may show a maximum (Fig. 2, curve Ib)
or may increase monotonically (Fig. 2, curve Ia) with increasing
particle size. The Fe-catalysed ammonia synthesis shows Type-I
behaviour, where TOF increases with the size of Fe nano-
particles from 2–12 nm.21 Another example for Type-I
behaviour is Fischer–Tropsch synthesis over CNF-supported
Co nanoparticles or carbon nanotube (CNT)-supported
Fig. 1 Examples of active sites or active phases in heterogeneous
catalytic reactions. (A) Active site of TS-1 [Reproduced with permission
from Elsevier].14 (B) TEM image of a Co/CNF catalyst efficient for FT
synthesis [Reproduced with permission from American Chemical
Society].18
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Ru nanoparticles.18,22,23 Type-II reactions typically involve the
activation of a s bond (e.g., C–H or C–C bond), e.g., ethane
hydrogenolysis and methane reforming with CO2 or H2O over
supported Pt nanoparticles,21,24 which requires highly reactive
coordinatively unsaturated sites. The Type-III behaviour is
typical for transition metal-catalysed olefin hydrogenation
reactions, e.g., ethylene or cyclohexene hydrogenation over
supported Pt catalysts.21
On the other hand, studies on the size effect in oxidation
reactions are not so numerous. The Au-catalysed oxidation of
CO is probably the most extensively investigated oxidation
reaction showing significant size effect. Several research groups
elucidated that the Au nanoparticles less than 3–5 nm in
diameter were catalytically active for CO oxidation.17,25,26
Hutchings and co-workers27 recently demonstrated that the
Au clusters with a size of B0.5 nm (containing B10 atoms)
loaded on FeOx by a co-precipitation method were the true
active phase for CO oxidation. This size was proposed to
correspond to a bilayered Au structure, which was demonstrated
to be more active than the monolayer structure in a model
catalyst study.26b A subsequent study showed that the Au/FeOx
catalyst prepared by a colloidal deposition, which contained Au
nanoparticles with sizes of (2.1  0.54) nm, was also very active
for CO oxidation, and it was argued that Au clusters ofB0.5 nm
were not mandatory to achieve the high activity.28 The effect of
Au nanocluster size on CO oxidation is still ambiguous.
Many selective oxidation reactions are catalysed by supported
metal oxide nanoparticles or clusters. There is little knowledge of
size effects in these reactions. Grasselli once analysed the effect
of the dispersion of lattice oxygen in crystalline composite metal
oxides on their catalytic behaviours for partial oxidation of
propylene to acrolein and found that a proper dispersion of
lattice oxygen was needed for acrolein formation.29 Otherwise,
the complete oxidation would occur with high selectivity
over the catalysts containing aggregated lattice oxygen atoms.
Based on these analyses, Grasselli proposed the concept of
‘‘site isolation’’ for selective oxidation catalysis. Thomas and
co-workers proposed the concept of ‘‘single site’’ for some
liquid-phase selective oxidation reactions, e.g., the oxidation of
n-hexane to adipic acid catalysed by CoIII cations located in
CoAlPO-18 molecular sieve.15,16 Panov showed that the catalytic
performance of Fe-ZSM-5 for the oxidation of benzene to
phenol by N2O was dependent on the size and the coordination
structure of Fe species.30 However, related studies on the selective
oxidation of lower alkanes and the epoxidation of propylene,
which are two of the most challenging reactions in catalysis, are
still inadequate.
The dehydrogenation of alcohols to carbonyl compounds
has attracted much attention in the past decade from the
viewpoint of green chemistry, and many heterogeneous catalysts,
particularly supported Pd and Au nanoparticles, have shown
superior catalytic performances for the oxidative dehydrogenation
of alcohols in the presence of O2.
31–33 The dehydrogenation
of alcohols involves the activation and cleavage of C–H bond
(b-H cleavage), which is probably the rate-determining step.
The insights into the effect of Pd or Au nanoparticle size in this
kind of reaction may not only be useful for the preparation of
highly efficient alcohol dehydrogenation catalysts but also be
helpful for the design of catalysts applicable to other reactions
involving C–H bond activation. However, only scattered
studies have been reported so far on the size effect in the Pd
or Au nanoparticle-catalysed alcohol dehydrogenation.
This article highlights the developments achieved in size-effect
studies for the oxidative and non-oxidative dehydrogenation of
alcohols, the selective oxidation of methane and ethane, and the
epoxidation of propylene. The nature of the size effects in these
systems will be discussed based on the knowledge of reaction
mechanism.
2. Size effects in Pd-catalysed oxidative
dehydrogenation of alcohols
The dehydrogenation of alcohols to carbonyl compounds is
one of the most essential transformations in organic synthesis.
The conventional technology for the transformation of alcohols
to aldehydes or ketones is oxidation using stoichiometric
quantities of inorganic oxidants (e.g., permanganate and
dichromate). This process is highly toxic and environmentally
polluting because of the production of a large amount of waste
solutions containing heavy metals. From the viewpoint of green
chemistry, it is urgent to develop a heterogeneous catalytic
route for the oxidative dehydrogenation of alcohols using O2 or
air as an oxidant. Undoubtedly, the development of highly
efficient heterogeneous catalysts is the key to establishing such
an environmentally friendly and economical process.
Supported Pd, Ru and Au catalysts have been reported to
exhibit promising performances for the oxidative dehydrogenation
of alcohols.31–33 As compared to Ru and Au catalysts, Pd-based
heterogeneous catalysts showed relatively higher activity.34–48
The turnover frequency (TOF) for benzyl alcohol conversion
exceeded 1000 h1 for most supported Pd catalysts,35,37,38,40,42–48
while it was typically less than 500 h1 for most Ru-based
catalysts.31–33,49–53
Homogeneous Pd complexes can also catalyse the oxidative
dehydrogenation of alcohols. Analyses of various homogeneous
Fig. 2 Three types of structure sensitivity observed for transition
metal nanoparticle-catalysed reactions [Reproduced with permission
from American Chemical Society].7 Examples: Type-I: Fe-catalysed
NH3 synthesis and Co or Ru-catalysed FT synthesis;
18,21,22 Type-II:
Pt-catalysed ethane hydrogenolysis or methane reforming with CO2 or
H2O;
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catalytic systems suggest that PdII is the active site for the
dehydrogenation of alcohols to carbonyl compounds. The
reduced Pd0 must be re-oxidized to PdII by O2, and the
transformation of PdII complex into Pd0 nanoparticles has
been proposed to cause deactivation.54 The ligands of PdII
complex stable under oxidation conditions have been
proposed to play an important role in minimizing the catalyst
decomposition.54 However, an induction period was observed
during the oxidative dehydrogenation of 1-phenylethanol
catalysed by a PdII-immobilised hydroxyapatite (HAP) catalyst,
and it was clarified that the PdII species was transformed into
Pd0 nanoparticles with a mean size of 3.8 nm during the
induction period.35 A similar phenomenon was observed in
the conversion of benzyl alcohol catalysed by a Pd/Al2O3-ads
catalyst prepared by an adsorption method.38 These results
indicate that the Pd0 nanoparticles are the active phase for
the heterogeneous oxidative dehydrogenation of alcohols.
Grunwaldt et al.55 performed in situ XANES and EXAFS
studies combined with on-line catalytic measurements using
FT-IR for the oxidative dehydrogenation of benzyl alcohol
over a Pd/Al2O3 catalyst, and the result provided further
evidence that Pd0 nanoparticles are the active phase for the
dehydrogenation of alcohols, while PdO is almost inactive.
A few studies have been contributed to elucidate the size
effects in the Pd particle-catalysed oxidative dehydrogenation
of alcohols. Mori et al.35 compared the TOFs of Pd/HAP
catalysts containing Pd nanoparticles of 3.8 and 7.8 nm in size
for the oxidative dehydrogenation of 1-phenylethanol and
benzhydrol, and found that the catalyst with the smaller Pd
particles exhibited a higher TOF in both reactions. The TOFs
based on surface low-coordination Pd sites (edge and corner
Pd sites) were, however, almost the same, suggesting the key
role of the low-coordination Pd atoms in the oxidative
dehydrogenation of alcohols.35 The Pd/Al2O3-ads catalyst
with a mean size of Pd nanoparticles of B5 nm was found
to be more active than the Pd/Al2O3-imp (prepared by
impregnation) containing Pd particles of B20 nm in size.38
Our group has performed systematic studies on the size
effects in the Pd-catalysed oxidative dehydrogenation of
alcohols.43,44 One of the most important tasks is to prepare
catalysts containing size-controllable Pd nanoparticles. We
have succeeded in preparing two series of supported size-
tuneable Pd catalysts, i.e., Pd/NaX and Pd/SiO2-Al2O3. The
Pd/NaX catalysts were prepared by an ion exchange of Na+ in
zeolite NaX with [Pd(NH)4]
2+ in aqueous solution, followed
by calcination and reduction. The calcination temperature was
found to be a crucial factor in controlling the mean size of the
Pd nanoparticle.43 The change in calcination temperature
from 393 to 773 K decreased the mean size of Pd particles
from 10.5 to 2.0 nm after the reduction by H2 at 573 K
(Table 1). H2-TPR revealed that about 70–80% of Pd
II ions
were reduced to Pd0 nanoparticles in all these samples. The
experimental fact that no reaction occurred over the unreduced
catalyst suggested that only Pd0 particles contributed to the
dehydrogenation of alcohols and that the PdII ions remaining
in the cation-exchanging positions were inactive. Considering
that the mean size of Pd nanoparticles in each sample is
larger than the size of the supercage of NaX (B1.3 nm), we
believe the Pd nanoparticles are located outside of the
supercage of NaX. We have analyzed the reason for why
the size of Pd nanoparticles could be tuned by changing the
temperature for calcination before reduction. It is known that
the [Pd(NH3)4]
2+ species in the cation-exchanging positions of
zeolite may undergo gradual changes to [Pd(NH3)2]
2+(OZ)2
(OZ= lattice oxygen of zeolite) and then to Pd2+(OZ)4 with a
rise in calcination temperature from 423 to 773 K.56 This
suggests that the interaction between the ionic Pd species and
the anionic zeolite framework becomes stronger at higher
calcination temperatures. The size of a metal particle is
generally controlled by the rates of nucleation and of nuclei
Table 1 Mean sizes and dispersion of Pd nanoparticles supported on zeolite NaX and SiO2–Al2O3
Catalyst Pd loading (wt%) Pd mean sizea (nm) Pd dispersionb Pd dispersionc
Pd/NaX (393 K)d 1.35 10.5 0.06 0.11
Pd/NaX (473 K)d 1.35 5.4 0.18 0.21
Pd/NaX (523 K)d 1.35 2.9 0.31 0.39
Pd/NaX (573 K)d 1.35 2.8 0.31 0.40
Pd/NaX (673 K)d 1.35 2.6 0.35 0.43
Pd/NaX (773 K)d 1.35 2.0 0.57 0.56
Pd/SiO2–hexanol
e 0.55 5.7 n.d.f 0.20
Pd/SiO2–Al2O3–hexanol (2/1)
e 0.52 5.1 n.d.f 0.22
Pd/SiO2–Al2O3–hexanol (1/1)
e 0.30 4.2 n.d.f 0.27
Pd/SiO2–Al2O3–hexanol (1/2)
e 0.52 3.2 n.d.f 0.32
Pd/Al2O3–hexanol
e 0.53 2.6 n.d.f 0.43
Pd/SiO2–H2
e 0.55 10 0.04 0.11
Pd/SiO2–Al2O3–H2 (2/1)
e 0.52 4.3 0.27 0.26
Pd/SiO2–Al2O3–H2 (1/1)
e 0.30 3.6 0.34 0.31
Pd/SiO2–Al2O3–H2 (1/2)
e 0.30 3.1 0.39 0.36
Pd/SiO2–Al2O3–H2 (1/2)
e 0.52 3.1 0.37 0.36
Pd/SiO2–Al2O3–H2 (1/4)
e 0.39 2.9 0.43 0.39
Pd/SiO2–Al2O3–H2 (1/4)
e 0.56 3.0 0.48 0.37
Pd/Al2O3–H2
e 0.53 2.2 0.69 0.51
a Measured by TEM. b Measured by CO chemisorption. c Calculated using Pd dispersion = 1.12/diameter of Pd particle (from TEM, nm).57
d The temperature in the parenthesis is that used for calcination before H2 reduction.
e The ratio in the parenthesis is the Si/Al ratio; hexanol and H2
denote the reductants used for the preparation. f Not detectable; this was likely because the surface Pd sites were occupied by hexanol molecules, which
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growth. The Pd species possessing weaker interactions with the
framework of zeolite may have higher mobility, and the rate of
nuclei growth would be larger, leading to the formation of larger
Pd particles. On the other hand, the stronger interactions would
cause the formation of smaller Pd nanoparticles. In other words,
we succeeded in controlling the size of Pd nanoparticles by
tuning the interaction between the Pd precursor and the support.
By using the same idea, Pd/SiO2–Al2O3 catalysts containing
Pd nanoparticles with mean sizes ranging from 2.2 to 10 nm
(Table 1) were further prepared.44 This series of catalysts were
prepared by adsorption of PdCl4
2 onto SiO2–Al2O3, followed
by calcination and reduction with either hexanol (at 428 K for
6 h) or H2 (at 573 K for 0.5 h). Because the interaction between
the Pd precursor and Al2O3 was much stronger than that
between the Pd precursor and SiO2, the size of Pd nanoparticles
after reduction depended on the Si/Al ratio in the supports
(Table 1). The support with a higher Al content resulted in the
catalyst with smaller Pd nanoparticles after the reduction by
either hexanol or H2. XPS showed that the binding energy of Pd
3d5/2 shifted from B336.3 eV to B335.1 eV after the reduction
by either reductant, confirming the reduction of PdII to Pd0.
The dispersion of Pd, i.e., the fraction of surface Pd atoms in
all of the Pd atoms, which was measured by CO chemisorption,
increased with decreasing the mean size of Pd nanoparticles
(Table 1). By assuming a spherical particle model, the disper-
sion of Pd could also be estimated roughly from the size of Pd
particles using the following equation: Pd dispersion = 1.12/Pd
diameter (nm).57 The values thus estimated were in good
agreement with those measured from CO chemisorption.
The oxidative dehydrogenation of benzyl alcohol was used
as a model reaction for studying the size effect. The selectivity
of benzaldehyde was almost independent of the mean size of
Pd nanoparticles and was always quite high (492%) over the
catalysts listed in Table 1. On the other hand, the conversion
strongly depended on the mean size of Pd particles. For the
Pd/NaX and the Pd/SiO2–Al2O3 series of catalysts, both the
smaller and larger Pd nanoparticles showed lower benzyl
alcohol conversions, and the catalyst with a medium mean
size of Pd particles showed the highest conversion. The TOF,
i.e., the initial turnover rate per surface Pd atom, was found to
depend strongly on the mean size of Pd particles (Fig. 3).
Moreover, all the data points in Fig. 3 obtained with different
catalysts, including Pd/NaX, Pd/SiO2–Al2O3-hexanol and
Pd/SiO2–Al2O3–H2, could be fitted in one curve. This strongly
suggests that the mean size of Pd nanoparticles is the essential
factor determining the TOF, whereas other factors such as the
Si/Al ratio in SiO2–Al2O3, the reagent (H2 or hexanol) used for
reduction and the calcination temperature used for Pd/NaX
preparation may influence the activity via changing the mean
size of Pd nanoparticles. Fig. 3 clearly demonstrates that the
Pd-catalysed oxidative dehydrogenation of benzyl alcohol is a
structure-sensitive reaction; the catalysts with both larger
and smaller mean sizes of Pd nanoparticles exhibit lower
TOFs, and there is an optimum mean size (3.6–4.3 nm) of
Pd nanoparticles.
The knowledge of the reaction mechanism is helpful for
deep understanding of the phenomenon that there exists
an optimum size of Pd nanoparticles for the oxidative
dehydrogenation of benzyl alcohol. It is accepted that, the
alcohol molecule is first adsorbed onto Pd surfaces, and the
adsorbed alcohol undergoes activation, forming an alkoxide
intermediate.35,58–60 Then, b-H elimination occurs over the Pd
surface to form aldehyde or ketone molecules. The adsorbed H
species can be removed by O2 to form H2O. Baiker and
co-workers58–60 investigated the reaction paths for the oxidative
dehydrogenation of benzyl alcohol over a Pd/Al2O3 catalyst using
in situ ATR-IR spectroscopy. They proposed that the conversion
of benzyl alcohol was structure insensitive, occurring indiscrimi-
nately on all Pd sites, but only selected sites may allow the
desorption of benzaldehyde. This implies that the product selec-
tivity should depend on the Pd particle size. However, the results
obtained in our group showed that benzaldehyde selectivity was
almost independent of the mean size of Pd nanoparticles.
On the other hand, Mori et al.35 argued that the oxidative
dehydrogenation of benzylic alcohols over the Pd/HAP catalyst
was structure sensitive, and the coordinatively unsaturated sites
(edge+ corner Pd atoms) were more active than the terrace sites
toward b-H elimination, which was a rate-determining step. It is
known that Pd nanoparticles tend to adopt the cuboctahedral
shape in the size range of 2–10 nm (Fig. 4A).7,61,62 The fractions
of terrace, edge and corner atoms on the surface of a Pd
nanoparticle can be calculated using the cuboctahedral
model.61,63 The result shows that, as the particle size decreases
from 10 to 2 nm, the fraction of (edge + corner) atoms increases
more steeply than the fraction of terrace atoms (Fig. 4B). As a
result, the ratio of the number of terrace atoms to that of
(edge + corner) atoms (expressed Nterrace /N(edge+corner))
declines almost linearly with decreasing the Pd particle size.
Thus, if only the coordinatively unsaturated sites are crucial,
TOF should increase monotonically with decreasing the mean
size of Pd nanoparticles. The existence of an optimum Pd
particle size may suggest that, besides the coordinatively
unsaturated Pd atoms, the terrace Pd sites also play a role in
the oxidative dehydrogenation of benzyl alcohol. The calcula-
tion shows that the Pd particles with sizes ranging from 3.6 to
4.3 nm, over which the highest TOF has been achieved,
correspond to Nterrace/N(edge+corner) ranging from B2.3 to
Fig. 3 Dependence of turnover frequency on the mean size of Pd
nanoparticles for the oxidative dehydrogenation of benzyl alcohol.
Reaction conditions: solvent-free; O2, 3 mL min
1; temperature,
343 K. The standard deviation of Pd particle size was evaluated from
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B3.1. It is speculated that the adsorption of benzyl alcohol on
Pd nanoparticles with a correct conformation (hollow site,
Fig. 4C) might also be a point for its subsequent activation
and conversion. The adsorption needs terrace atoms, while the
b-H cleavage (C–H bond activation) requires the (edge +
corner) sites. Therefore, one reasonable explanation for the
optimum Pd particle size observed in Fig. 3 is that, the Pd
nanoparticle with a size of B4 nm possesses an optimum ratio
of terrace to (edge + corner) Pd atoms (B3), which favours
the adsorption of benzyl alcohol and the subsequent b-H
cleavage. We expect that future studies using other substrates
that do not contain a benzene ring may exclude the influence
of substrate adsorption and may provide insights into the
‘‘intrinsic size effect’’ in the oxidative dehydrogenation of
alcohols. Other possibilities responsible for the lower activity
of the smaller Pd nanoparticles (oB3.6 nm) may also exist.
For example, stronger adsorption of O2 over the smaller Pd
nanoparticles might lead to the lower reactivity. Further
clarifications are still needed in future studies.
3. Size effects in Au-catalysed oxidative or
non-oxidative dehydrogenation of alcohols
Au catalysis has become a hot research area since the pioneering
work of Bond, Haruta, and Hutchings.19,64–66 Now, supported
Au catalysts are known to be capable of catalyzing a variety of
reactions including CO oxidation, selective oxidation, selective
hydrogenation, water gas shift reaction, VOC combustion, NOx
reduction, and also many organic reactions such as C–C
coupling and addition to p systems.67 The most important
feature for heterogeneous Au catalysis is the significant size
effect.
Supported Au nanoparticles can efficiently catalyse the
oxidative dehydrogenation of alcohols, and Au/CeO2, Au/TiO2,
Au/Cu5MgAl2Ox, Au/GaxAl6xO9 (x = 2, 3 and 4),
Au/MnO2, Au/hydrotalcite (HT) and Au/PCPs (PCP= porous
coordination polymers) have been reported to show excellent
catalytic performances.68 However, there are only a few studies
contributing to elucidating the Au size effect in the oxidative
dehydrogenation of alcohols.
Tsukuda and co-workers69,70 prepared a series of poly-
(N-vinyl-2-pyrrolidone) (PVP)-stabilised Au nanoparticles
(Au:PVP) with sizes ranging from 1.3 to 10 nm, and compared
their catalytic performances in oxidative dehydrogenation of
p-hydroxybenzyl alcohol in H2O in the presence of K2CO3
promoters. They observed that, with decreasing the size of Au
nanoparticles from B10 nm, the activity appeared at an Au
diameter of B5 nm and then increased rapidly with further
decreasing the size of Au clusters. Through detailed charac-
terizations of the Au:PVP nanoclusters with different sizes by
XPS, FT–IR of adsorbed CO and XANES, the catalytically
active Au clusters were found to be negatively charged by
electron donation from PVP.71 PVP might play a role in
regulating the electronic structure of Au nanoclusters besides
function as a stabilizer. The activity was enhanced by the
increased electronic density on the smaller Au nanoclusters.
Based on the previous result in the gas phase that the smaller
Au nanoparticles were more reactive for O2 activation, it was
proposed that the electron transfer from the anionic Au cores
of Au:PVP into the LUMO (p*) of O2 may generate superoxo-
or peroxo-like oxygen species, which may be crucial for the
dehydrogenation of alcohols. Tsukuda and co-workers72
believe that the higher activity of the smaller PVP-stabilised
Au nanoclusters is due to their higher O2 activation ability.
H2O may also accelerate the activation of O2 as demonstrated
by a first-principle investigation for the coadsorption of O2
and H2O on small Au clusters supported on defect-free
MgO(100).73 A very recent work demonstrated that hydroxide
ions played a pivotal role in the oxidative dehydrogenation of
alcohols, and O2 was proposed to participate in the reaction by
regenerating the hydroxide ions via catalytic decomposition of
a peroxide intermediate.74
Corma and co-workers investigated the effect of the mean
size of Au nanoparticles loaded on TiO2 on the catalytic
performances for the oxidative dehydrogenation of cinnamyl
alcohol.75 They found that the TOF per surface Au atom and
the product selectivity were both almost independent of the Au
particle size in a range of 5–25 nm, indicating that the reaction
was structure insensitive.75 However, Baiker and co-workers
reported different size effects in the supported Au-catalysed
oxidative dehydrogenation of alcohols.76,77 They prepared
TiO2- and CeO2-supported Au catalysts with Au particle sizes
ranging from 1.3 to 11 nm, and investigated their catalytic
performances in the oxidative dehydrogenation of benzyl
alcohol in different solvents (mesitylene, toluene and super-
critical CO2). The highest activity was obtained over the catalyst
with a medium mean Au size (6.9 nm), whereas the selectivity
was not significantly affected by the Au particle size and was
mainly dependent on the solvent and reaction conditions.76 The
same group also compared the catalytic performances of the
Au/Cu1Mg2Al1Ox catalysts with Au nanoparticles of B2, B9
and B30 nm in size for the oxidative dehydrogenation of
1-phenylethanol, and found that the catalyst containing B9
nm Au particles showed the highest conversion.77 However, the
intrinsic TOF was not measured in these studies.
Tsukuda and co-workers78,79 studied the catalytic behaviours
of supported Au nanoparticles (or nanoclusters) with Au
sizes o2 nm for the oxidative dehydrogenation of alcohols.
SBA-15-supported Au nanoclusters with a size of B0.8 nm,
Fig. 4 (A) Cuboctahedral model for a Pd nanoparticle. (B) Dependence
of fractions of surface atoms and Nterrace/N(edge+corner) on the size of
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prepared by using triphenylphosphine (TPP)-protected Au11
clusters as precursors, were found to be effective for oxidative
dehydrogenation of various alcohols by H2O2 under micro-
wave irradiation.78 A comparison among Au/SBA-15 catalysts
containing Au nanoclusters with diameters of 0.8, 1.5 and
1.9 nm revealed that the catalytic activity (reaction rate counting
all Au atoms) increased monotonically with decreasing the Au
cluster size.79 This phenomenon was explained by supposing
that the smaller Au nanoclusters were more effective for
H2O2 activation, which might be a key step for alcohol oxidation
using H2O2.
79
The presence of O2 may cause over-oxidation and explosion
or flammability of organic solvents or alcohol reactants.
The safety problem becomes particularly serious for the
practical large-scale transformation of alcohols to carbonyl
compounds.33 Thus, the dehydrogenation of alcohols under
oxidant-free (anaerobic) conditions is a fascinating route. The
dehydrogenation of alcohols in the presence of a hydrogen
acceptor such as alkenes or ketones could proceed over
supported Pd and Cu catalysts,80–82 but this route consumes
the hydrogen acceptor and produces organic by-products, and
is not atom-economical. With respect to atom economy, the
dehydrogenation of alcohols under inert atmosphere to
produce carbonyl compounds and H2 is the most desirable
route. Moreover, Friedrich and Schneider83 recently pointed
out that the oxidant- and acceptor-free dehydrogenation of
alcohols to carbonyl compounds and H2 could be a promising
route for H2 synthesis and storage.
Only a few catalysts are effective for the oxidant- and
acceptor-free dehydrogenation of alcohols.84–89 In a recent
communication,90 for the first time, our group demonstrated
that supported Au nanoparticles could catalyse the oxidant-
and acceptor-free dehydrogenation of alcohols to aldehydes or
ketones and H2. Particularly, hydrotalcite (HT)-supported Au
nanoparticles exhibited good performances in the dehydro-
genation of a wide scope of alcohols including benzylic
alcohols with different substituents, heteroatom-containing
alcohols, aliphatic cyclic and linear alcohols. Pd/HT could
also catalyse the oxidant-free dehydrogenation of alcohols,91
but Au/HT showed higher activity and selectivity. For the
dehydrogenation of benzyl alcohol, both benzyl alcohol
conversion and benzaldehyde selectivity approached 100%
over a 0.06 wt% Au/HT at 393 K (in 6 h of reaction).
Accompanying with the conversion of benzyl alcohol to
benzaldehyde, H2 was also formed, and the amount of H2
was almost the same with that of benzaldehyde, confirming
that the dehydrogenation reaction proceeded stoichiometrically
over our catalyst. The Au/HT catalyst was stable and could be
used repeatedly without deactivation.
There is little information about the Au-catalysed dehydro-
genation reactions in the absence of an oxidant. The nature of
support and the size of Au particles are expected to play key
roles in determining the catalytic behaviours in Au-catalysed
dehydrogenation reactions. Rigorous study of support effects
requires preparation of catalysts with similar Au particle sizes.
It has been clarified that the sonication-aided impregnation,
the deposition-precipitation (DP) using urea as a precipitant
and the DP using NaOH as a precipitant could be used for the
preparation of Au nanoparticles finely dispersed on a series of
supports including SiO2, SBA-15, carbon nanotube (CNT),
Al2O3, TiO2, ZrO2, La2O3, CeO2, MgO, hydroxyapatite
(HAP) and HT catalysts.92 Au nanoparticles with mean sizes
ofB3 nm loaded on these supports were obtained by carefully
choosing the preparation conditions. The Au loading amount
was 0.4–0.5 wt% in each catalyst, and XPS confirmed the
presence of Au0 over these catalysts. Catalytic studies of these
catalysts for the oxidant-free dehydrogenation of benzyl
alcohol showed that the Au nanoparticles loaded on SiO2,
SBA-15 and CNT exhibited very low activities (conversions
o10% at 393 K in 6 h). Medium benzyl alcohol conversions
(17–55%) were obtained when TiO2, ZrO2, La2O3 or CeO2
was employed as the support. On the other hand, Al2O3-,
MgO-, HAP- and HT-supported Au nanoparticles showed
significantly higher benzyl alcohol conversions (480%) under
the same reaction conditions. Benzaldehyde selectivity
strongly depended on the identity of the support. Au/SiO2
and Au/SBA-15 showed quite lower selectivity to benzalde-
hyde, and the main by-product was toluene. The formation of
toluene with a high selectivity was also observed in the
oxidant-free dehydrogenation of benzyl alcohol over an
Au–Pd/TiO2 catalyst,
93 which was very efficient for the oxidative
dehydrogenation of benzyl alcohol. The disproportionation of
benzyl alcohol into benzaldehdye and toluene mainly occurs
over these catalysts. On the other hand, Au/HT and Au/MgO
demonstrated outstanding benzaldehyde selectivity (499%).
It has been clarified that the acid–base property of the support
plays a key role in determining the catalytic behaviours in the
dehydrogenation of benzyl alcohol. The catalyst with neither
acidity nor basicity (e.g., Au/SiO2 or Au/SBA-15) was
almost inactive and less selective, while that with both acidity
and basicity (i.e., Au/HT) exhibited both high activity and
excellent selectivity. The catalyst with stronger basicity but no
acidity (e.g., Au/MgO) afforded higher selectivity, while that
with stronger acidity but lower basicity (e.g., Au/Al2O3)
provided slightly lower selectivity.
HT-supported Au nanoparticles with mean sizes ranging
from 2.1 to 21 nm were successfully prepared by varying the
concentration of Au precursors and the aging temperature and
time used for the DP method. The catalytic studies of these
catalysts for the oxidant-free dehydrogenation of benzyl
alcohol showed that benzyl alcohol conversion decreased
gradually with increasing Au particle size, but benzaldehyde
selectivity kept always at B100% and did not change with the
Au particle size (Fig. 5A). Thus, the selectivity was dependent
on the nature of support but not on the size of Au particles.
The TOFs were evaluated for these catalysts using the intrinsic
reaction rate, which was evaluated from the plot of benzyl
alcohol conversions versus reaction time at the initial stage,
and the dispersion of Au nanoparticles measured by H2–O2
titration. Fig. 5B demonstrates that the oxidant-free dehydro-
genation of benzyl alcohol is a structure-sensitive reaction.
The TOF increases slightly with decreasing the mean size of
Au nanoparticles from 12 to B4 nm. However, a further
decrease in the mean Au particle size from B4 nm increases
the TOF steeply; TOF increases from B0.08 to B0.23 s1 by
decreasing the mean Au particle size from 4 to 2.1 nm. The
TOF value of B0.23 s1 (B800 h1) over the Au/HT catalyst
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better than those obtained over many other catalysts such as
Ag/HT (590 h1), Ag/Al2O3 (B10 h
1), Cu/HT (o10 h1)
and Pd/HT (36 h1).87–89,91
The observation that the TOF for oxidant-free dehydrogenation
of benzyl alcohol increases steeply with decreasing the Au
particle size from B4 nm is quite different from those reported
for the oxidative dehydrogenation of alcohols by the groups of
Corma and Baiker,75–77 but is similar to that reported by
Tsukuda and co-workers69–72 for the oxidative dehydrogenation
of p-hydroxybenzyl alcohol catalysed by PVP-stabilised Au
nanoclusters. Tsukuda and co-workers proposed that the smaller
Au nanocluster could activate O2 more efficiently than the larger
one, and thus exhibited higher activity in the aerobic oxidation
of alcohols. However, for the Au/HT-catalysed oxidant-free
dehydrogenation, no oxidant has been used.
Based on mechanistic studies on Ag/Al2O3- and Au/HT-
catalysed dehydrogenation of alcohols,89,92 the dehydrogenation
of benzyl alcohol is proposed to proceed in three main steps
(Fig. 6). The first step is the activation of O–H bond of benzyl
alcohol to form an alkoxide intermediate on catalyst surface.
Then, the b-H cleavage takes place to give benzaldehyde. At the
same time, a hydride species is adsorbed on the Au surface.
The final step is the molecular H2 formation from the hydride
species. It is reasonable to assume that the b-H cleavage
(C–H activation) step is the rate-determining step. The C–H
bond activation or b-H elimination has been suggested as the
rate-determining step even in the oxidative dehydrogenation





hydrogen-transfer dehydrogenation of alcohols catalysed by
Cu/Al2O3.
82
It is well known that the cleavage of s-bonds including C–H
bond over metal particles requires coordinative unsaturation
of surface atoms (edge and corner atoms). Typically, half a
truncated octahedron can be used as a model of a supported
Au nanoparticle.25,94 By using this model, the fractions of higher
and lower coordination-number atoms can be estimated. The
fraction of coordinatively unsaturated Au atoms increases with
decreasing the size of Au particles, and such an increase becomes
particularly significant as the Au particle size decreases from
B4 nm.25,92 The variation in TOF for the dehydrogenation of
benzyl alcohol with the Au particle size (Fig. 5B) corresponds
well to the change in the estimated fraction of surface (corner +
edge) atoms.92 This convinces us that the coordinatively
unsaturated Au sites on Au nanoparticles play a dominant
role in the oxidant-free dehydrogenation of benzyl alcohol by
accelerating the C–H bond activation (b-H cleavage).
The acid–base property of the catalyst also plays roles in the
oxidant-free dehydrogenation of alcohols. A base such as
K2CO3 often functions as an efficient promoter for the
oxidative dehydrogenation of alcohols particularly in the case
of Au-based catalysts.68b,g,h,69–72,78,79 The base might function
for the activation of O–H bond of alcohol to form an alkoxide
intermediate.68g Weldon and Friend95 pointed out that the
coadsorbed oxygen atom on Au surfaces could also act as a
Brønsted base, facilitating the O–H bond activation; otherwise,
the activation of the O–H bond could not proceed and no
alkoxide could be formed on Au surfaces. Thus, in the
absence of oxidant, a base additive or basic support becomes
particularly important, playing a key role in the activation of
the O–H bond of alcohol, forming an adsorbed alkoxide
intermediate (Fig. 6). On the other hand, the acid sites may
function for the H2 formation in the final step of Fig. 6. For
the oxidative dehydrogenation of alcohols, the hydride species
Fig. 5 Size dependence in HT-supported Au nanoparticle-catalysed
oxidant-free dehydrogenation of benzyl alcohol. (A) Conversion and
selectivity. (B) Initial rate and TOF for benzyl alcohol conversion.
Reaction conditions: catalyst, 0.10–0.20 g (Au, 2–4 mmol); benzyl
alcohol, 1–2 mmol; solvent (p-xylene), 5 mL; Ar flow, 3 mL min1;
T = 393 K. The standard deviation of Au particle size was evaluated
from particle size distribution reported previously.92
Fig. 6 Proposed reactionmechanism for the oxidant-free dehydrogenation
of benzyl alcohol to benzaldehyde and H2 over HT-supported Au
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is believed to be oxidized by O2.
35,49,58–60 Under the oxidant-
free conditions, the Brønsted acid sites (i.e., the AlO–Hd+) on
HT support might participate in the reaction with the Au
hydride, producing molecular H2.
4. Size effects in MoOx-catalysed selective
oxidation of ethane to oxygenates
Mo and V oxides are well-known active components in the
selective oxidation of hydrocarbons. As compared to the metal
nanoparticle-catalysed reactions, less knowledge is available
for the size effect in the transition metal oxide-catalysed
selective oxidation reactions. The size of MoOx or VOx species
over supported catalysts was found to control their catalytic
performances in the oxidative dehydrogenation of alkanes
to olefins.1,4 Oxidative dehydrogenation of lower alkanes
(typically C2H6 and C3H8) are normally rate-determined by
the activation of the weakest C–H bond, and the lattice oxygen
is believed to play a key role.96,97 The reaction is proposed
to proceed via the Mars-van Krevelen mechanism, which
involves the H abstraction by the lattice oxygen and the
replenishment of the lattice oxygen by O2.
98 Thus, the reactivity
of the lattice oxygen species of MoOx or VOx particles will control
the rate for the conversion of lower alkanes. Chen et al.99,100
demonstrated that the rate for the oxidative dehydrogenation of
C3H8 per Mo or V atom over the supported MoO3 or V2O5
catalyst increased with increasing the size ofMoOx or VOx clusters
or particles. It was suggested that the reducibility, or the ability to
accept the electrons, was enhanced over the larger MoOx or VOx
clusters or particles owing to the lowered LUMO state.4
An early report showed that SiO2-supported MoO3 was
efficient for the selective oxidation of C2H6 by N2O to
oxygenates (mainly acetaldehyde).101 However, studies on
MoOx-catalysed selective oxidation of C2H6 to oxygenates
by O2 are limited. It is of particular interest to gain insights
into how the size of MoOx clusters or particles affect the
selectivity to oxygenates.
Recently, MoOx clusters or particles with different sizes
loaded on SBA-15, a mesoporous silica material, were studied
for the selective oxidation of C2H6 to oxygenates by O2. It is
known that, for the supported MoOx, the position of the
UV-vis absorption edge for charge-transfer transitions reflects
the average size of MoOx clusters or particles.
99,102 The edge
energy values calculated from the UV-vis spectra for the
MoOx/SBA-15 catalysts with Mo contents of 2.8 and
4.9 wt% are B4.25 eV (Fig. 7A), close to that reported
for the isolated mononuclear molybdate moieties.103 This
indicates that these two catalysts are dominated by monomeric
MoOx species. The edge energy decreased significantly with
increasing Mo content from 4.9 to 9.5 wt%, suggesting the
aggregation of the monomeric MoOx into oligomers or
nanoclusters. With further increases in Mo content from
9.5 to 20.1 wt%, the edge energy decreased slightly. TEM
measurements showed that the ordered mesoporous structure
of SBA-15 was sustained for the 9.5 wt% MoOx/SBA-15
sample. When Mo content rose to 15.4 and 20.1 wt%, collapse
of the silica wall of SBA-15 occurred, and MoOx nanoparticles
of 10–20 nm in size were observed from TEM. These imply
that the growth of MoOx nanoclusters inside the mesoporous
channels (channel size, B6 nm) into MoOx nanoparticles
destroyed the amorphous silica wall of SBA-15. A drop in
edge energy was observed as Mo content was raised further
from 20.1 to 23.5 wt%, and needle-like MoO3 crystallites were
observed from SEM observations.
H2-TPR profiles (Fig. 7B) also indicated the changes in
MoOx particle size with increasing Mo content.
103 For the
sample with a lower Mo content (r4.9 wt%), only a reduction
peak at a higher temperature (1080–1110 K), corresponding to
the reduction of the monomeric MoOx species, was observed.
The increase in Mo content to 9.5 wt% led to the appearance
of a peak at B830 K, arising from the oligomeric MoOx
species or small MoOx nanoclusters. With a further increases
in Mo content, two other peaks at 905 and 985 K, which might
be ascribed to MoOx nanoparticles, appeared.
The catalytic behaviours of the MoOx/SBA-15 catalysts with
different MoOx particle sizes in the selective oxidation of C2H6 by
O2 are shown in Fig. 8. We first discuss the effect of MoOx
particle size on C2H6 conversion activity. C2H6 conversion under-
went a step increase whenMo content was raised fromB6.6 wt%
(Fig. 8A). The catalysts with Mo contents of 9.5–20.1 wt%
exhibited remarkably higher C2H6 conversion rates per Mo atom
than that with a lower Mo content (r6.6 wt%).103 Combining
with the result in Fig. 7, it can be concluded that the MoOx
nanoclusters or nanoparticles are more active toward C2H6
activation than the monomeric MoOx species. A similar trend
was observed for the change in the rate of H2 reduction with Mo
content (Fig. 8B). Thus, the reducibility ofMoOx species is crucial
in determining the rate of C2H6 conversion. These conclusions are
in agreement with those reported by Chen et al.,99 and further
demonstrate that the reactivity of lattice oxygen in the MoOx
particles toward C–H cleavage depends on the particle size.
Then, we discuss the effect of MoOx particle size on the
selectivities to oxygenates. It is of significance that not only
CH3CHO but also HCHO are produced in the selective
oxidation of C2H6 by O2 over the MoOx/SBA-15 catalysts.
103
The optimum Mo contents for the formations of these two
kinds of oxygenates are different (Fig. 8A). The rate of
CH3CHO formation per Mo atom kept higher at Mo contents
of 2.8–9.5 wt%, and an increase in Mo content to 49.5 wt%
significantly decreased CH3CHO formation rate (Fig. 8B).
This indicates that the highly dispersed (monomeric and small
oligomeric) MoOx species favour the selective formation of
Fig. 7 (A) Dependencies of UV-vis absorption edge energy and the
probable dispersion state of MoOx species on Mo content in the
MoOx/SBA-15 catalysts. (B) H2-TPR profiles of the MoOx/SBA-15
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CH3CHO. Grasselli
29 proposed that the high dispersion of lattice
oxygen in the crystalline composite metal oxides was crucial for
the selective oxidation of propylene to acrolein. Zhao et al.104,105
uncovered that the high dispersion of VOx species over SiO2 was
a key factor in the selective oxidation of C2H6 to oxygenates. In
agreement with these, the ‘‘site isolation’’ is applicable to the
MoOx-catalysed selective oxidation of C2H6 to acetaldehyde by
O2. However, for the formation of HCHO, the situation is quite
different; the presence of MoOx nanoclusters or nanoparticles
significantly accelerates the HCHO formation.
Kinetic measurements were performed to gain insights into
the mechanism for CH3CHO and HCHO formations over the
MoOx/SBA-15.
103 The results suggest that C2H4 and
CH3CHO are two primary products from C2H6, whereas
HCHO is mainly formed via the catalytic oxidation of C2H4
by O2. The investigation on the oxidation of C2H4 by O2 over
the MoOx/SBA-15 catalysts with different MoOx particle sizes
reveals that higher Mo contents (Z 9.5 wt%) are required for
obtaining higher HCHO selectivity (460%) and yield
(B20%), whereas CO was formed as the main product over
the catalyst with a lower Mo content.106 This suggests that
MoOx nanoclusters or nanoparticles are responsible for the
selective oxidation of C2H4 to HCHO by O2. The oxidation of
CH3CHO by O2 was also performed over the MoOx/SBA-15
catalysts, but CO was formed as a main product with a low
selectivity of HCHO.106 This excludes the possibility that
HCHO is formed via CH3CHO, and further confirms that
HCHO is directly formed from C2H4 over the MoOx/SBA-15
catalysts. Friend and co-workers107 once investigated the C–C
coupling of HCHO to form C2H4 on a Mo(110) surface, which
is a reverse reaction of the oxidation of C2H4 to HCHO,
and uncovered that the reaction proceeded via an ethylene
dialkoxide intermediate. In situ FT–IR spectroscopic measure-
ments for the oxidation of C2H4 over the MoOx/SBA-15
catalyst also revealed an ethylene dialkoxide (–OCH2CH2O–)
intermediate.108 The conversion of C2H4 to HCHO is proposed
to proceed with the activation of p-bond of C2H4, the formation
of ethylene dialkoxide intermediate and the cleavage of C–C
bond of the ethylene dialkoxide intermediate to form two
HCHO molecules simultaneously (Fig. 9). Clearly, the mono-
meric MoOx species cannot work for this mechanism, and thus,
the formation of HCHO requires MoOx nanoclusters or
nanoparticles.
5. Size effects in CuOx- and FeOx-catalysed
selective oxidation of methane to formaldehyde
The selective oxidation of methane to methanol and formaldehyde
is one of the most challenging research themes in catalysis. The
heterogeneous catalysts reported to date for this reaction
mainly include supported metal oxides, particularly MoO3/
SiO2 and V2O5/SiO2, and composite metal oxides such as
Fe2(MoO4)3 and FePO4.
108–111 Over these catalysts, HCHO
single-pass yield is typically on the level of 1–2%. Two issues are
believed to be responsible for the high difficulty of this reaction.
First, because CH4 is a very stable molecule, the activation of
the C–H bond has to overcome a high energy barrier and
usually needs stringent conditions. Second, the target products
(CH3OH or HCHO) are much more reactive than CH4, and
may easily undergo consecutive oxidations to CO and CO2. The
selectivity issue is more serious. On the other hand, methane
monooxygenases (MMOs) in methanotrophic bacteria can
catalyse the selective oxidation of CH4 by O2 efficiently under
ambient conditions. In the MMOs, binuclear iron (sMMO) and
bi- or tri-nuclear copper (pMMO) highly dispersed in the
protein structures function as the active sites.10–12
The catalytic performances of various transition metal ions
or oxide clusters introduced onto SBA-15 have been investi-
gated for the selective oxidation of CH4 by O2.
112 The content
of each transition metal (M) was kept very low (the atomic
ratio of M/Si = 1/13 200) to ensure the high dispersion of
these transition metal species. At such a low content, supported
MoOx and VOx were almost inactive. On the other hand, the
CuOx on SBA-15 provided the highest HCHO formation
activity; both the HCHO yield and the HCHO formation
rate were the highest (Fig. 10). The FeOx/SBA-15 and MnOx/
SBA-15 catalysts with low Fe and Mn contents also showed
relatively higher HCHO formation activity. Fig. 10 suggests
that the Cu, Fe and Mn sites with high dispersions are in
essence highly active for HCHO formation.
Concerning the Fe-catalysed selective oxidation of CH4 by
O2, Kobayashi et al.
113,114 reported that FeIII highly dispersed
in SiO2 matrix was efficient for the selective formation of
HCHO. Arena and Parmaliana111 also studied the Fe-doped
SiO2 catalysts, and demonstrated that the catalyst prepared by
Fig. 8 Dependencies of catalytic behaviours on Mo content in the
MoOx/SBA-15 catalysts. (A) C2H6 conversion and product yields.
(B) Rates of C2H6 conversion and product formation. Reaction condi-
tions: catalyst, 0.20 g; T = 873 K; total flow rate, 150 cm3 min1;
P(C2H6) = P(O2) = 10.1 kPa.
Fig. 9 Proposed reaction mechanism for the selective oxidation of
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an adsorption-precipitation method was more effective for
HCHO formation than that prepared by the conventional
impregnation method due to the enhanced dispersion of FeOx
species. Arena et al.115 proposed that the two dimensional
oligomeric FeOx cluster possessed the best catalytic perfor-
mance, while isolated FeOx species were poor in reactivity.
However, evidence has been gained in recent studies, showing
that the isolated FeIII site is responsible for the selective
oxidation of CH4 to HCHO. The Fe
III centres incorporated
in the framework of SBA-15 were found to be more selective
toward HCHO formation than the FeOx clusters on the
surface of SBA-15.116 The modification of the FeOx nano-
clusters with phosphorous to form FePO4 nanoclusters, in
which iron sites were isolated with each other by phosphate
groups, could significantly enhance HCHO selectivity at a
similar CH4 conversion level.
116 The structure-performance
correlations for the selective oxidation of CH4 over either the
FeOx/SBA-15 or the FeOx-SiO2 (prepared by a sol–gel
method) with different Fe contents further evidence that the
isolated FeIII accounts for the formation of HCHO.117,118
There are only few reports concerning the Cu-catalysed
selective oxidation of CH4 by O2. Groothaert et al.
119 demon-
strated that the Cu-ZSM-5, which had been pretreated in O2
at Z 623 K, could oxidize CH4 to CH3OH at Z 398 K. A
charge-transfer absorption band at 22 700 cm1 in the UV-vis
spectrum of the pretreated Cu-ZSM-5, which may be attri-
butable to oxygen-bridged dicopper sites, seems to correspond
to the active site. A linear relationship between the intensity of
this charge-transfer band and the amount of CH3OH formed
has been established.120 Further spectroscopic characteriza-
tions combined with 18O2 labeling experiments and DFT
calculations suggested that the active species might be a bent
mono-(m-oxo)dicupric cluster located in the zeolite channel.121
CuOx clusters outside the zeolite channels were inactive for the
oxidation of CH4 to CH3OH.
120 However, this reaction could
not be operated in a catalytic manner, and the small amount of
CH3OH formed by the stoichiometric reaction between the
active oxygen and CH4 had to be extracted from the catalyst
surface by an organic solvent such as ethanol or acetonitrile/
water. Otherwise, the formed CH3OH would undergo further
oxidation to CO2 over the Cu-ZSM-5.
119
On the other hand, the CuOx/SBA-15 with a very low Cu
content could catalyse the selective oxidation of CH4 to
HCHO.112 The CuOx/SBA-15 catalysts with different copper
contents were compared in the plot of HCHO selectivity versus
CH4 conversion, and the result showed that the catalyst with a
Cu content of 0.008 wt% exhibited the highest performance
for HCHO selective formation.122 ESR investigation confirmed
that this catalyst contained mainly isolated CuII sites. TOF for
HCHO formation based on Cu over this catalyst reached 5.6 mol
(mol–Cu)1 s1.122 This value is significantly higher than those
achieved over the FeOx/SBA-15 (2.0 mol (mol–Fe)
1 s1)117 and
VOx/SBA-15 (0.48 mmol (mol–V)
1 s1),123 which contained
mainly isolated Fe or V sites.
CuOx/SBA-15-gra catalysts prepared by a grafting
method were studied for the selective oxidation of CH4 to
gain further insights into the effect of CuOx size on catalytic
performances.124 For the preparation of CuOx/SBA-15-gra,
SBA-15 was first functionalized by g-aminopropyl triethoxy-
silane through a reaction with hydroxyl group in dry toluene
under reflux conditions. Then, copper(II) acetylacetonate was
grafted onto SBA-15 by Schiff condensation between the
amine group attached on SBA-15 and the carbonyl group of
the acetylacetonate ligand in dry toluene.125 Finally, the
organic intermediate was calcined in air at 923 K to remove
the organic groups. XRD measurements for the calcined
CuOx/SBA-15-gra showed that the peaks at low-diffraction
angles (2y degrees of B11, 1.61 and 1.91) attributed to the
hexagonal structures of mesoporous channels of SBA-15 were
well sustained after the grafting of CuOx species with contents
of 0.6–2.9 wt%, and no diffraction peaks related to CuO were
observed. UV-vis spectroscopic measurements showed an
absorption band at B235 nm, attributable to the charge-
transfer transition between the ligand and the metal centre
in isolated state, for the samples with Cu contents r1.4 wt%,
and a shoulder peak at 290 nm appeared for the samples with
higher Cu contents, indicating the presence of oligomeric
CuOx clusters at higher Cu contents. H2-TPR was used to
discriminate the isolated CuII sites.126 The isolated CuII species
undergoes a two-step reduction; the lower-temperature peak
is ascribed to CuII to CuI, while the higher-temperature
peak to CuI to Cu0. On the other hand, the aggregated
CuOx clusters only show one reduction peak at lower
temperatures. The fraction of isolated CuII ions evaluated
from the relative intensity of the high-temperature peak
decreased with increasing Cu content to 40.6 wt% for the
CuOx/SBA-15-gra series of catalysts, and the corresponding
CuOx/SBA-15-imp prepared by the impregnation method
showed significantly lower fractions of Cu2+ (Table 2).
ESR suggested that the isolated CuII was in octahedral
coordination with oxygen in these samples. The intensity of
ESR signal decreased because of the dipole–dipole interaction
between the neighbouring CuII species as Cu content exceeded
0.6 wt%, further indicating that a part of isolated CuII began
to aggregate, forming CuOx clusters at Cu contents of
40.6 wt%.
Fig. 10 Catalytic performances of various transition metal ions or
oxide clusters on SBA-15 for the selective oxidation of methane by O2.
Reaction conditions: catalyst, 0.10 g; T = 898 K; total flow rate,
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SBA-15 itself was almost inactive for the oxidation of CH4
under the reaction conditions in Table 2. For the CuOx/SBA-
15-gra series of catalysts, CH4 conversion increased with
increasing Cu content, but as Cu content exceeded 0.6 wt%,
such an increase became insignificant. HCHO selectivity kept
at 470% at Cu contents r0.6 wt%, and further increases in
Cu content decreased the selectivity to HCHO, and increased
that to CO2 (Table 2). As compared with the CuOx/SBA-15-
gra with a similar Cu content, the CuOx/SBA- 15-imp exhib-
ited significantly lower selectivity to HCHO at a similar CH4
conversion, while the selectivity to CO2 was higher. These
results demonstrate that the isolated CuII accounts for the
selective oxidation of CH4 to HCHO, while the CuOx clusters
are responsible for the complete oxidation of CH4 to CO2.
Thus, for both Cu- and Fe-catalysed selective oxidations of
CH4 by O2, the size of the active phase plays a crucial role in
controlling the product selectivity; the isolated CuII or FeIII
catalyses the formation of HCHO, whereas the CuOx or FeOx
clusters mainly catalyse the formation of CO2. Mechanistic
studies by using pulse reaction technique combined with CO-
adsorbed FT–IR and ESR have been performed to understand
the nature of this size effect for the Cu-catalysed selective
oxidation of CH4.
122 The reaction of lattice oxygen atoms of
the CuOx/SBA-15 with CH4 pulses at 898 K provided COx,
suggesting that the lattice oxygen could react with CH4, but it
was not the active oxygen species for the selective formation of
HCHO. On the other hand, after the pretreatment of the
catalyst by CH4 or H2 pulses to form Cu
I, HCHO was formed
during the reaction of CH4 pulses with the O2-pulse treated
CuI-containing catalyst. This suggests that the activation of O2
by CuI may form an active oxygen species for the selective
oxidation of CH4 to HCHO. HCHO was formed during the
reactions of (CH4 + O2) pulses over the CuOx/SBA-15. It is of
significance that both CH4 conversion and HCHO selectivity
increase with increasing the successive pulse numbers. In other
words, there is an induction period for the (CH4 + O2) pulse
reaction. It has been clarified that the induction period de-
pends on the ratio of CH4/O2; a higher CH4/O2 ratio leads to a
shorter induction period. The presence of a small amount of
H2 in the pulse could also significantly reduce induction
period. After the successive pulse reactions, a decrease in the
intensity of ESR signals ascribed to CuII was observed. This
indicates the reduction of CuII to CuI in the induction period
since CuI is ESR insensitive. For the 0.6 wt% CuOx/SBA-15-gra,
the FT–IR spectra of adsorbed CO over the fresh and the working
catalysts were quite different; an intense IR band at 2131 cm1 was
clearly observed over the working catalyst, while the adsorption of
CO over the fresh catalyst only gave an very weak IR band.124 The
former IR band is assignable to the CO adsorbed on CuI.127
All of the results described above suggest that CuI is
generated during the reaction through the reduction of the
isolated CuII site by CH4 molecules, and the generated Cu
I
functions for O2 activation, forming an active oxygen species
for the selective oxidation of CH4 to HCHO (Fig. 11). This
mechanism is quite different from the Mars-van Krevelen
mechanism proposed for MoO3/SiO2 or V2O5/SiO2 catalysts,
in which the lattice oxygen is proposed for the selective
oxidation of CH4.
128,129 The lattice oxygen in the CuOx/
SBA-15 was responsible for the complete oxidation as
evidenced by the pulse reaction studies. These mechanistic
insights are helpful for rationalising the observed size effect.
The plenty of lattice oxygen in CuOx clusters leads to the
complete oxidation, whereas the activation of O2 on the isolated
CuI generated from isolated CuII during the reaction can form
oxygen species for selective oxidation CH4 to HCHO.
The concept of the reductive activation of O2 is also the case in
the MMO systems.10,11 Moreover, for the CuOx/SBA-15
catalyst, CH4 functions as reducing agent instead of NADH in
the biological system. Concerning the nature of the active oxygen
species, through DFT calculations, Yoshizawa and Shiota130
proposed that O2 could be activated by monomeric Cu
I species
to form a CuII-superoxo (CuII–O2
) species. In the presence of
tyrosine ligand, the CuII–O2
 could be transformed into CuII-
hydroperoxo (CuII–OOH) species via H-atom transfer, and the
CuII–OOH could further be converted to CuIII–oxo species
(CuIIIQO) by the abstraction of an H atom from another
tyrosine residue. The CuIIIQO could activate the C–H bond of
CH4 easily even under physiological temperatures. The activation
of the C–H bond of CH4 by the Cu
II–O2
 species seems difficult
under physiological temperatures because of the relatively higher
energy barrier (B150 kJ mol1). However, under higher
temperatures (4773 K), the CuII–O2
 may also function for
the conversion of CH4. Actually, over the CuOx/SBA-15 catalyst,
the experimental activation energy for CH4 conversion was
B140 kJ mol1, close to the computational energy barrier for
the activation of CH4 by the Cu
II–O2
 species.
6. Size effects in CuOx- and FeOx-catalysed
epoxidation of propylene
The epoxidation of propylene by oxygen to propylene oxide,
which is a key precursor for the production of various
commodity chemicals, is a highly challenging research subject
Table 2 Catalytic performances of CuOx/SBA-15 for the selective










0.05% CuOx/SBA-15-gra B100 1.1 71 22
0.6% CuOx/SBA-15-gra 96 1.8 71 18
0.5% CuOx/SBA-15-imp 37 1.7 50 38
1.1% CuOx/SBA-15-gra 78 1.8 65 19
1.0% CuOx/SBA-15-imp 19 2.0 34 60
1.4% CuOx/SBA-15-gra 50 2.2 50 30
2.9% CuOx/SBA-15-gra 20 2.4 36 51
a Reaction conditions: W = 0.10 g, T = 898 K, P(CH4) = P(O2) =
33.8 kPa, F(total) = 120 mL min1, time on stream = 6 h. b The
remaining product was CO.
Fig. 11 Proposed reaction mechanism for the selective oxidation of
methane by oxygen to formaldehyde over CuOx/SBA-15 catalysts
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and has been regarded as the Holy Grail in catalysis.131
Effective catalysts for the epoxidation of C3H6 by O2 have
not been discovered even though the Ag-catalysed epoxidation
of ethylene by O2 has been commercialized for several decades.
PO selectivity is generally lower than 50% even at C3H6
conversions lower than 5% over most catalysts.132
The consecutive conversion of PO still exists as a problem.
More seriously, because of the high reactivity of the allylic
hydrogen atoms in C3H6 molecule, the allylic oxidation of
C3H6 by the nucleophilic oxygen species may proceed quickly
over most heterogeneous catalysts in the presence of O2.
Therefore, to design catalytic systems with electrophilic
oxygen species is the key to increasing PO selectivity.
Much research effort has been devoted to developing new
catalytic systems and catalysts capable of catalysing the
selective epoxidation of C3H6. TS-1 catalyses the epoxidation
of C3H6 by H2O2 with a high efficiency,
133 but the high cost of
H2O2 and the use of organic solvents (such as methanol) are
the main problems of this system. By using a H2 and O2 gas
mixture, Haruta and co-workers succeeded in vapour-phase
C3H6 epoxidation over TiO2- or Ti-containing molecular
sieve-supported Au catalyst.134 Recently, several research
groups found that the supported Au nanoparticles could
catalyse the epoxidation of C3H6 by O2 in the presence of
H2O.
135–137 The size of Au nanoparticles or nanoclusters is
crucial for this reaction. The Au/TS-1 with a mean size of Au
particles of 1.8 nm exhibited a PO selectivity of 52% at C3H6
conversion of 0.88% for the oxidation of C3H6 with O2–H2O
at 473 K, whereas the catalyst with the same composition
but a mean Au size of 4.6 nm could not catalyse the PO
formation.137 It is proposed that the reaction of O2 and H2O
over small Au nanoclusters (o2 nm) can produce hydro-
peroxo (–OOH) species, which are further transferred to
neighbouring Ti sites to form Ti–OOH species, and the
Ti–OOH species is responsible for C3H6 epoxidation.
137
For the epoxidation of C3H6 by O2 alone, the supported
Ag catalysts have been extensively investigated so far although
the performances are far from satisfactory.132 The size effects
of Ag particles on C3H6 and C2H4 epoxidation reactions were
investigated using Ag/CaCO3 catalysts containing Ag particle
sizes ranging from 50–600 nm.138 The result showed that the
larger Ag particles favoured C2H4 epoxidation by 3–5 fold,
whereas particle size did not have a significant effect on
C3H6 epoxidation. However, the selectivity to PO was
very low (o10%) over the Ag/CaCO3 catalysts, and the
structure effect was dominated by the complete oxidation.
Recently, high PO selectivity was obtained over Ag nano-
particles of B3.5 nm in size aggregated by Ag3 clusters
deposited on ultra-thin Al2O3.
139
In addition to the metallic Au and Ag nanoclusters, Cu
could also catalyse the epoxidation of C3H6 by O2. DFT
calculations for the epoxidation of C2H4 over Cu(111) and
Ag (111) surfaces suggested that Cu might be intrinsically
more selective than Ag for the epoxidation, especially at low
oxygen coverage, because the energy barrier for the conversion
of oxametallocycle (OMME) intermediate to ethylene oxide
was lower than that to acetaldehyde over the Cu surface,
whereas the former energy barrier was higher over the Ag
surface.140 Surface science experimental studies demonstrated
that trans-methylstyrene, a phenyl-substituted propylene,
underwent efficient epoxidation on Cu(111) surfaces with
oxygen adatoms despite the presence of allylic H atoms,
whereas Ag(100) surface yielded only combustion products.141
DFT calculations further indicated that the oxygen adatom on
Cu(111) surface possessed lower basicity (nucleophilicity) than
that on Ag(111) surface, and thus, favored the epoxidation.142
These studies imply that Cu may be promising catalyst for the
epoxidation of C3H6.
143 However, Monnier and Hartley144
once pointed out that, unlike Ag, the activity of Cu(111) surface
was highly dependent upon maintaining the surface as Cu0,
because Cu0 could be easily transformed into the thermo-
dynamically more favoured CuI state. The oxidic oxygen (i.e.,
the oxygen in CuOx) was found to be responsible for combustion
of alkenes with allylic H atoms in surface science research.141
There exist some reports contributing to the Cu-catalysed
epoxidation of C3H6 by O2.
145–152 Li and co-workers showed
that the pre-reduced NaCl-modified VCexCu1xOy and
Cu/SiO2 could catalyse the epoxidation of C3H6 by O2, and
proposed that Cu0 was the active phase.145,146 Cu/SiO2 alone
could also catalyse the epoxidation of C3H6 by O2, and Cu
0
was believed to be active phase.147 The Cu/SiO2 prepared by a
microemulsion technique containing Cu particles of B5 nm
was more selective to PO than that prepared by the conven-
tional impregnation containing larger Cu particles. Thus, it
appears that the smaller Cu0 nanoparticles are the active
phase for C3H6 epoxidation. However, PO formation activity
was quite low over these pre-reduced Cu0-based catalysts.
Reasonably high PO selectivity (40–50%) could only be
obtained at very low C3H6 conversions (o0.2%). PO
formation rate and TOF based on Cu were lower than
0.2 mmol g1 h1 and 0.15 h1, respectively.
A breakthrough was made by using a halogen-free K+-
modified CuOx/SBA-15 catalyst without pre-reduction.
148
The K+-CuOx/SBA-15 with copper in the oxidized state
showed significantly higher PO formation activity for C3H6
epoxidation under O2-rich reaction conditions.
148,149 Unlike
other Cu-based catalysts probably containing Cu0 as the active
phase mentioned above, PO selectivity over this catalyst did
not undergo significant decreases with increasing partial
pressure of O2 (P(O2)). Thus, by increasing P(O2), C3H6
conversion could be raised while PO selectivity was almost
kept. Under optimized conditions, the PO formation rate
reached 2.1 mmol g1 h1, and the TOF based on Cu was
17.5 h1, both of which were B1 order of magnitude higher
than those reported before for Cu0-based catalysts. A K+-
modified CuOx–SiO2 catalyst prepared by a sol–gel method
showed similar catalytic performances for the epoxidation of
C3H6 by O2.
150 Under O2-rich conditions, 78% PO selectivity
was obtained at 0.2% C3H6 conversion, and 55% PO selec-
tivity could be sustained at a 1.4% C3H6 conversion.
It has been clarified that the presence of K+ played signi-
ficant roles in PO formation over the K+-CuOx/SBA-15 or the
K+-modified CuOx–SiO2 catalyst. In the absence of K
+,
acrolein was the main partial oxidation product, while PO
became the main partial oxidation product in the presence of
K+.148–150 UV-vis, H2-TPR and TEM studies for the CuOx/
SBA-15 and CuOx–SiO2 with and without K
+ modification
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of CuOx nanoclusters or nanoparticles in these catalysts.
148–150
H2-TPR studies suggested that this led to the decrease in the
reactivity of lattice oxygen atoms in the CuOx nanoclusters or
nanoparticles. Because lattice oxygen is known to be a
nucleophilic oxygen species, which is responsible for the allylic
oxidation of C3H6 to acrolein, the decrease in the size of
CuOx nanoclusters could suppress the acrolein formation.
Moreover, it was confirmed through NH3-TPD that the
presence of K+ caused a significant decrease in the Lewis
acidity of CuOx species. Even the weak Lewis acidity is known
to be capable of catalysing the isomerization of PO to allyl
alcohol, which can be readily oxidized to acrolein and COx
under oxidizing conditions.
Li and co-workers151 confirmed that the K+-modified
CuOx/SiO2, which was prepared by a homogeneous deposition-
precipitation method, was efficient for the epoxidation of
C3H6 by O2. They investigated the effect of CuOx particle size
on catalytic performances in the epoxidation of C3H6 by
O2. The result revealed that the smaller CuOx nanoparticles
existing in the K+-CuOx/SiO2 provided better PO formation
activity. When the size of CuOx nanoparticles increased from
2.9 to 5.9 nm, PO formation rate decreased significantly from
2.5 to 0.43 mmol g1 h1. It was proposed that the smaller
CuOx nanoparticles led to stronger interactions between K
+
and CuOx species, resulting in higher PO formation activity.
Recent work by Onal et al.152 suggested that the isolated-like
ionic CuII was responsible for the epoxidation of C3H6 by O2.
FT–IR studies of adsorbed CO combined with XRD and
ESR measurements were performed for the K+–CuOx–SiO2
catalyst prepared by the sol–gel method under working
state.150 CO adsorbed on the fresh catalyst (after pretreatment
in O2 at 823 K) only showed a very weak IR band. After
reactions in C3H6 and O2 gas mixtures, a distinct IR band of
adsorbed CO was observed at 2127 cm1, which was attribu-
table to CO chemisorbed on CuI sites.150 The formation of CuI
was further confirmed by XRD for the catalyst after reaction,
which revealed the formation of Cu2O. A significant decrease
in the intensity of ESR signal ascribed to CuII also indicated
the partial reduction of CuII to CuI because CuI was ESR
insensitive. The pre-treatment of the K+–CuOx–SiO2 catalyst
by H2 reduction followed by N2O oxidation, which could
generate CuI with a high concentration, increased the initial
PO formation rate significantly from 0.58 to 2.0 mmol g1 h1.
These observations all indicate that the CuI functions for the
epoxidation of C3H6 by O2 in the working catalyst. A recent
study for the oxidation of C3H6 by O2 over a VOx-modified Cu
catalyst, which had been pre-reduced by H2, further excluded the
possibility that Cu0 or CuII can function for the formation of
PO.153 Therefore, it can be concluded that CuI is responsible for
the epoxidation of C3H6 by O2 over these CuOx-based catalysts.
However, Cu2O or supported Cu2O is well known to
catalyse the selective oxidation of C3H6 to acrolein by
O2.
154–157 The lattice oxygen of Cu2O plays a key role in the
formation of acrolein, and the Mars-van Krevelen mechanism
seems applicable to this reaction.157 It is of high significance
that, after the modification of CuOx nanoparticles or nano-
clusters containing CuI by K+, PO becomes the main partial
oxidation product instead of acrolein. As described above, the
size of CuOx species is a crucial factor in the switching of the
main partial oxidation product from acrolein to PO; the
reactivity of lattice oxygen, which is nucleophilic in nature
and is responsible for the allylic oxidation, decreases signifi-
cantly owing to the decreased size of CuOx species. It can be
expected that the highly dispersed CuI site may activate O2,
generating electrophilic oxygen species for C3H6 epoxidation.
Besides the decreased size of CuOx species, K
+ also weakened
the Lewis acidity of the catalyst, suppressing the consecutive
conversions (i.e., isomerisation and oxidation) of PO.
The FeOx-catalysed epoxidation of C3H6 by N2O represents
another interesting selective oxidation system showing the size
effect on product selectivity. It is known that, electrophilic
oxygen species can be generated from N2O over Fe-based
catalysts, and this oxygen species can oxidize benzene and
methane selectively to phenol and methanol or formaldehyde,
respectively.30,158 Duma and Hönicke first demonstrated that
FeOx supported on SiO2 modified by Na
+ could catalyse the
epoxidation of C3H6 by N2O.
159 The FeOx-catalysed C3H6
epoxidation by N2O was further studied by several research
groups.160–171 An interesting phenomenon is the significant
shift of reaction route from allylic oxidation to epoxidation
due to modification of FeOx nanoclusters or nanoparticles by
alkali metal ions.161,162 For example, over the 1 wt% FeOx/
SBA-15, the oxidation of C3H6 by N2O produced mainly
acrolein and COx at 598 K, and almost no PO was formed.
The addition of KCl with a K/Fe molar ratio of 5 changed the
main product to PO, and PO selectivity of 72% could be
attained. At the same time, C3H6 conversion rose from
1.2% to 4.5%. The characterizations using UV-vis,
XANES, EXAFS and UV-Raman suggested that, before
KCl modification, the supported FeOx catalysts (such as
FeOx/SBA-15 and FeOx/MCM-41) mainly contained FeOx
nanoclusters, in which iron is in an octahedral coordination
with oxygen, and the FeOx nanocluster was changed into an
isolated surface tetrahedral iron species after KCl modifica-
tion.162,163 The changes in the size and the coordination
environment of FeOx species owing to the alkali metal ion
modification were further confirmed in a subsequent study for
a Rb2SO4-modified FeOx/SiO2 by Moens et al.
166 It is reason-
able to speculate that the FeOx nanoclusters catalyse the
allylic oxidation of C3H6, mainly leading to the formation of
acrolein, whereas the isolated FeIII in tetrahedral coordination
accounts for the epoxidation of C3H6 by N2O. In a word,
the changes in the size and the coordination of FeOx
species mainly correspond to the change in the reaction route
(Fig. 12).
H2-TPR studies suggested that the reactivity of lattice
oxygen in FeOx nanoclusters was inhibited after the modification
by KCl. Similar to the CuOx-catalysed C3H6 epoxidation by
O2, the decrease in the reactivity of lattice oxygen can suppress
the formation of acrolein. The increase in C3H6 conversions in
the presence of KCl modification indicates the generation of
new active oxygen species for C3H6 epoxidation. The isolated
FeII formed during the reaction may activate N2O, generating
new electronic oxygen species for C3H6 epoxidation.
170 At the
same time, the chloride anion may enhance the electrophilicity
of the active oxygen species. The electron-deficient boron
oxide was also found to be a good promoter for enhancing
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FeOx/SBA-15 catalysts, PO selectivities of B80 and B70%
could be attained at C3H6 conversions of B5 and B9%,
respectively.168
7. Conclusions
Size effects in metal nanoparticle-catalysed dehydrogenation
of alcohols and metal oxide nanocluster-catalysed selective
oxidation of methane and ethane and epoxidation of propylene
have been discussed. For the oxidative dehydrogenation of
benzyl alcohol over Pd nanoparticles, the TOF reaches a
maximum at a mean size of Pd particles of 3.6–4.3 nm,
corresponding to the ratio of surface terrace Pd atoms to
coordinatively unsaturated (edge and corner) Pd atoms being
2.3–3.1. The conformation of active sites with this ratio of
different types of surface atoms may favour the adsorption of
benzyl alcohol (on terrace atoms) and its subsequent b-H
activation (on coordinatively unsaturated atoms). On the
other hand, the reaction rate increased monotonically with
decreasing the size of Au nanoparticles from 10 to 1.3 nm
for the PVP-stabilized Au nanoparticles-catalysed oxidative
dehydrogenation of p-hydroxybenzyl alcohol in water. The
smaller Au nanoclusters are proposed to be more active for
the activation of O2 through the electron transfer from the
negatively charged Au clusters, forming active oxygen species
for alcohol conversions. Au nanoparticles supported on HT,
which possesses both acidity and basicity, efficiently catalyse
the oxidant- and acceptor-free dehydrogenation of alcohols
to carbonyl compounds and H2. The selectivity is mainly
determined by the identity of the support, while the size of
Au nanoparticles controls the activity. The TOF for benzyl
alcohol conversion increases with decreasing the mean Au
particle size. Particularly, TOF increases steeply when the Au
particle size decreases from B4 nm. The coordinatively
unsaturated surface Au atoms are proposed to play pivotal
roles in the oxidant-free dehydrogenation of alcohols. These
atoms are more active for the activation of the C–H bond
(b-H abstraction) in the alcohol molecules, which is believed to
be the rate-determining step.
The size of the MoOx species plays a key role in controlling
the activity and selectivity for the selective oxidation of ethane
by O2. As compared to the monomeric or highly dispersed
MoOx species, the larger MoOx nanoparticles are more active
toward the conversion of C2H6. The reducibility of the MoOx
species is the main factor controlling C2H6 conversion activity.
The monomeric or smaller oligomeric MoOx nanoclusters are
more selective for the formation of CH3CHO, which is a
primary product from C2H6, while the relatively larger MoOx
nanoparticles are suitable for the formation of HCHO. HCHO
is formed via C2H4, and the selective oxidation of C2H4 to
HCHO proceeds via an ethylene dialkoxide intermediate and
requires the MoOx nanoparticles.
The size of CuOx or FeOx species strongly affects the
selectivity in the selective oxidation of CH4 by O2. The Cu
II
or FeIII site isolated on mesoporous silica is highly efficient for
the selective oxidation of CH4 to HCHO, while the correspond-
ing CuOx or FeOx nanocluster mainly catalyses the complete
oxidation of CH4 to CO2. That lattice oxygen atoms in CuOx
clusters are responsible for the formation of CO2, while the
isolated CuI generated during the reaction can activate O2,
forming active oxygen species for the selective oxidation of CH4
to HCHO. The highly dispersed CuOx species is also effective
for the epoxidation of C3H6 by O2 after the modification by
alkali metal ions (e.g., K+). The modification by K+ decreases
the size of CuOx species besides weakening the Lewis acidity.
The larger CuOx nanoclusters or nanoparticles without alkali
metal ion modification provide acrolein as the main partial
oxidation product. Similarly, the FeOx nanoclusters loaded on
mesoporous silica mainly catalyse the allylic oxidation of
C3H6 to acrolein, whereas the isolated Fe
III in tetrahedral
coordination formed by the modification of FeOx nanoclusters
with KCl or other alkali metal salts is highly selective for the
formation of PO. In these two systems, the lattice oxygen atoms
in the CuOx or FeOx nanoclusters, which are nucleophilic in
nature, are responsible for the allylic oxidation to acrolein. On
the other hand, the highly dispersed CuI or FeII sites function
for the epoxidation of C3H6 via generation of electrophilic
oxygen species from O2 or N2O.
It should be mentioned that, besides the size effect of the
catalytically active phase, the support may also play important
roles in determining the catalytic behaviours of supported
catalysts. The typical roles of the support are to disperse the
active phases or provide proper sizes of active phases and to
keep the size of the active phase against sintering during the
reaction. The support may also influence the chemical state of
the active phase through the interaction between the active
phase and the support. Furthermore, the activity or selectivity
may be significantly affected by the nature of the support. The
selectivity in the dehydrogenation of alcohols over supported
Au or Pd nanoparticles is indeed determined by the acid–base
property of the support.
The knowledge of the size effects in the dehydrogenation or
selective oxidation reactions is less than that in the transition
metal nanoparticle-catalysed hydrogenation reactions. This
Feature Article demonstrates that the size of catalytically
active phases (metal or metal oxide nanoparticles or nano-
clusters) can not only determine the activity but also control
the product selectivity. With the aid of knowledge of reaction
mechanism, the size effect can provide deep insights into the
true active sites working for the conversion of reactants and
for the formation of different products. These insights will
Fig. 12 Changes in the reaction route and the size of FeOx species in
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undoubtedly be helpful for the rational design of highly
efficient catalysts. We believe that this is particularly vital for
the future breakthrough in the highly challenging selective
oxidation of lower alkanes and epoxidation of propylene.
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